Among the soft-rot erwinias of economic importance, Erwinia chrysanthemi, for which genetics tools have now been developed (4, 8, 25, 34, 36, 41) , represents a useful model for studying the molecular aspects of plant-bacterium interaction. E. chrysanthemi can infect a variety of monocotyledonous and dicotyledonous plants in culture as well as in storage. In most cases, the disease produces soft-rot symptoms in which the bacterial metabolic activities appear to be involved. Indeed, E. chrysanthemi produces various extracellular depolymerizing enzymes, such as pectinases (polygalacturonate lyases, polygalacturonase, pectin methyl esterase, and pectin lyase), cellulases (endoglucanases), and protease(s) (2, (5) (6) (7) . It is now well established that polygalacturonate lyase isoenzymes, which degrade the pectic components present in plant cell walls, play an essential role in plant tissue maceration and thus serve as virulence factors (5, 7, 9, 16, 33) . In addition, pathogenic E. chrysanthemi strains present a high degree of host specificity (11) . This fact suggests the existence of a recognition mechanism which could depend on the interaction of complementary molecules present at the surface of the two organisms. Infection of an incompatible host may produce a defense reaction in the infected plant, giving rise to the so-called hypersensitive response (38; M. Lemattre, personal communication). Thus, the infected plant reacts in such a way that it either prevents or allows multiplication of the potential pathogen. Although studies of the mechanisms of host specificity have been undertaken in other phytopathogenic bacteria, this question has not yet been examined in E. chrysanthemi. In other cases, there is some evidence for a role for outer membrane components in bacterial attachment to plant cells; i.e., in Agrobacterium tumefaciens and Pseudomonas solanacearum, the lipopolysaccharide molecule seems to influence bacterial phytopathogenicity (18, 44) , and in Pseudomonas species, some outer membrane proteins might determine the attachment of bacteria to plant cells (17, 21, 37) .
We have found that E. chrysanthemi 3937JRH, which infects saintpaulia plants, is sensitive to a number of bacteriocins produced by other Erwinia strains. In this paper, we give a brief description of these bacteriocins and report the isolation and characterization of different mutants which were insensitive to their action. The mutants were found to be resistant to phage PhiEC2, a temperate bacteriophage of * Corresponding author.
E. chrysanthemi (34) , and failed to elicit soft-rot symptoms on saintpaulia plants. Their pectinolytic and cellulolytic activities remained unchanged. The loss of pathogenicity could be roughly correlated with the disappearance of one, two, or three outer membrane polypeptides migrating in the 80,000-dalton range, the production of which was shown to be enhanced in wild-type strains grown under iron-limited conditions.
MATERIALS AND METHODS
Strains and media. The bacterial strains, plasmids, and bacteriophages used in this work are described in Tables 1  and 2 . The following media were used. Rich medium was L broth (29) , and minimal medium M63 (29) contained 2 g of glucose or glycerol per liter. The iron-depleted M63 medium was prepared by extracting the 5x concentrated salts solution devoid of Fe2(SO4)3 with 100 ,ug of 8-hydroxyquinoline per ml by the method of Pugsley and Reeves (31) . For enzyme assays, the M9 medium (29) was supplemented with 5 g of glycerol and 1 g of yeast extract per liter and also 5 g of sodium polygalacturonate (Sigma Chemical Co.) per liter for polygalacturonate lyase activities or 5 g of carboxymethylcellulose (Serlabo Co.) per liter for carboxymethylcellulase activities.
When required, the media were solidified by using Difco agar (12 g/liter for plates and 6 g/liter for soft overlays).
When necessary, the following antibacterial agent was added to the media: 20 p.g of kanamycin, ampicillin, or tetracycline per ml; 1 g of sodium deoxycholate (DOC; Sigma), EDTA (Sigma), or sodium dodecyl sulfate (Serlabo Co.) per liter; or 10 g of Triton X-100 (Bio-Rad Laboratories) per liter. Except when otherwise specified, all incubations were carried out at 30°C. Glassware for iron-depleted media was treated as described by Pugsley and Reeves (31) .
Detection of bacteriocin. Bacteriocin production was examined by the double-layer method of Fredericq (15) . Strains to be tested were grown to form colonies on L-agar medium. The colonies were exposed to UV light as described below. After incubation for a further 12 h, bacteria were killed with chloroform vapors, and the plates were overlaid with soft agar seeded with the indicator strain (107 CFU/ml). After a Latarjet dosimeter. The irradiated suspension was supplemented with 0.5 ml of 10-fold-concentrated L broth and incubated with shaking in a dark room. At 60-min intervals, 5-ml samples were treated with chloroform and centrifuged (8,000 x g for 20 min), and the resulting supematant fluids were assayed for bacteriocin activity. For mitomycin C induction, the cultures were supplemented, at an optical density of 0.3, with mitomycin C to a final concentration of 0.5, 1, or 2 jxg/ml and incubated with shaking in a dark room for 8 h. Chloroform was then added, cellular debris was removed by centrifugation, and bacteriocin activity was assayed. The bacteriocin solution was kept over a chloroform phase.
Preparation of phage lysates. The preparation of plate lysates of phage Mu on Escherichia coli and E. chrysanthemi hosts, as well as induction ofE. coli and E. chrysanthemi Mu cts lysogens, was carried out by the method of Toussaint and Schoonejans (41) . Plate lysates of phage PhiEC2 were prepared by the method of Adams (1) .
Isolation of bacteriocin-resistant mutants. The bacteriocin solutions used for selection were prepared by UV irradiation of the bacteriocin-producing cells. Several individual cultures of strain 3937JRH growing logarithmically (A6w, about 0.5) were treated with each of the 11 bacteriocin solutions (Table 2) to give a bacterial concentration of 3.108 CFU/ml and a bacteriocin titer of approximately 4 AU. The suspensions were incubated for 15 min at 30°C and then plated onto L agar. After 12 h of growth, a few colonies among the survivors from each infected culture were picked, streaked for single-colony isolation, and then tested for bacteriocin sensitivity.
Bacteriocin and bacteriophage sensitivity. Sensitivity to bacteriocin or to phage was determined by spotting drops of various dilutions of a bacteriocin solution or a phage lysate onto a soft-agar overlay seeded with the culture to be tested. Complete insensitivity to bacteriocins was scored when there was a lack of inhibition by undiluted bacteriocin solutions, and reduced sensitivity was scored when there was a turbid zone.
Determination of bacteriocin adsorption. Receptor and tolerant phenotypes were further characterized by determining adsorption of the different bacteriocins to bacterial cells. (32) .
RESULTS
Bacteriocins from Erwinia species. Seventy strains of Erwinia species (E. carotovora, E. chrysanthemi, and E. uredovora) were screened for bacteriocin production by the agar overlay method. Eleven strains, including nine E. chrysanthemi isolates listed in Table 1 , one E. carotovora strain, and one E. uredovora strain, liberated bacteriocins which inhibited the growth of strain 3937JRH (Table 1) .
In these bacteriocin-producing strains, bacteriocin activities assayed from late-log-phase cultures were usually less than 1 AU/ml. Bacteriocin . ' Sizes in kilodaltons (kDa). For mutant R20D3, production of the three proteins was also high under high-iron conditions. For the mutants R1871 and R3912, the data not shown in Fig. 1 are given here. phage Mu; this isolate was unable to adsorb Mu particles (data not shown) but produced phage when the Mu genome was transferred by conjugation with plasmid pULB11. All mutants which were totally resistant to bacteriocins were also resistant to phage PhiEC2, whereas those mutants identified as completely resistant to only some of the bacteriocins remained PhiEC2 sensitive. The PhiEC2-resistant derivatives were unable to adsorb phage particles (data not shown). Mutants selected as resistant to phage PhiEC2 also became insensitive to the bacteriocins (data not shown).
Mutation to bacteriocin insensitivity sometimes results in increased sensitivity to detergents or chelating agents (10) . Most of the mutants showed increased sensitivity to DOC and in some cases to EDTA (Table 3) , but none exhibited increased sensitivity to sodium dodecyl sulfate or Triton X-100 (data not shown). There were no obvious parallels Table 3 .
b Tests were performed as described in the text. Pathogenicity was scored 4 to 8 weeks after inoculation. Nonpathogenic mutants were shown to trigger a hypersensitive response. between bacteriocin resistance patterns and increased DOC or EDTA sensitivity.
Pathogenicity. Preliminary experiments showed that all the mutants produced normal amounts of extracellular polygalacturonate lyases and endoglucanases (data not shown). They also retained the ability to macerate leaves isolated from saintpaulia plants. On the other hand, when tested on living plants, the mutants appeared defective in the ability to induce soft-rot symptoms; they caused a hypersensitivity reaction (Table 4) resulting in a localized cell death at the site of infection. However, certain mutants killed one plant out of three inoculated; the two other plants remained completely healthy. The possibility that such plants were contaminated with virulent strains can be ruled out, since none of the control plants, inoculated with water or noninoculated, was shown to develop the disease.
Outer membrane proteins. Outer membrane proteins often function as bacteriocin receptors (24) . Therefore, profiles of outer membrane proteins from parental strain and bacteriocin-resistant mutants were compared by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. When strains were grown under standard conditions, in L broth or minimal medium M63 with glucose or glycerol as carbon source, no significant differences could be detected (data not shown). Thus, the mutations responsible for bacteriocin resistance might affect a minor protein not easily detectable under the conditions used. One possibility was that the mutations affected iron-regulated proteins, analogous to some colicin-resistant mutants of E. coli K-12 (30) . Therefore, we looked for additional outer membrane proteins induced under iron starvation in both parental and mutant strains. When strain 3937JRH was grown in iron-depleted medium, three bands corresponding to polypeptides with apparent molecular weights of 78,000, 82,000, and 88,000 appeared as major bands, whereas under high-iron conditions, such polypeptides were either minor bands or could not be detected (Fig. 1) . Most of the bacteriocin-resistant mutations caused the complete or partial disappearance of the 88,000-dalton polypeptide, both the 88,000-and 82,000-dalton polypeptides, or all three of them (Fig. 1) . Mutants selected with bacteriocin from strain 20D3 produced large amounts of the three polypeptides even under high-iron conditions (Fig. 1J) . The changes in outer membrane protein profiles were not correlated with bacteriocin resistance patterns (Table 3) . For example, some mutants which were completely resistant to only some bacteriocins and had reduced sensitivity to the others lacked both the 88,000-and 82,000-dalton proteins, whereas some mutants completely resistant to all tested bacteriocins lacked only the 88,000-dalton protein.
DISCUSSION E. chrysanthemi 3937JRH is pathogenic for S. ionantha. In an attempt to determine which bacterial cell surface component(s) is involved in pathogenicity, we analyzed a series of spontaneous bacterial mutants affected in envelope structure. Mutants were selected as resistant to each of the available bacteriocins obtained from nine Erwinia strains. All mutants were normal with respect to the different pectinolytic and cellulolytic activities (data not shown). The mutants all induced the hypersensitive response on saintpaulia plants. Comparison of outer membrane proteins obtained from low-iron cultures of these mutants with the same proteins from the parental strain revealed that at least one, if not two or three, of the low-iron-inducible proteins migrating in the 80,000-dalton range were partially or completely absent in all the nonpathogenic derivatives, except in mutants selected with bacteriocin from strain 20D3. This result is the first piece of evidence for a role of certain outer membrane components in the expression of phytopathogenicity in E. chrysanthemi. We do not yet have genetic evidence that bacteriocin resistance changes in outer membrane protein patterns and the absence of phytopathogenicity are caused by a single mutation, but this possibility seems highly likely in view of the large number of independent mutants tested. One possible interpretation is that the presence of the 88,000-dalton protein is required for recognition between the pathogen and its host. Alternatively, it is possible that the low-iron-inducible outer membrane proteins are receptors for iron siderophores and, as such, are essential for development of the bacteria in planta. The facts that mutants which appeared to express these proteins constitutively were nonpathogenic and that all of the mutants induced a hypersensitive reaction (implying a recognition between the two organisms) suggest that the first interpretation is very unlikely. Therefore, the development of an efficient iron capture system might be considered as a possible virulence factor. In this respect, any mutant severely affected in iron transport might become nonpathogenic. Such an assumption could account for the following observations. (i) A correlation exists between the loss of pathogenicity and the loss of low-iron-regulated outer membrane proteins expected to be involved in iron uptake. Additional evidence suggesting that such a protein(s) might serve as a receptor(s) for a possible siderophore(s) includes the fact that growth of mutants, but not of the parental (ii) The loss of pathogenicity in mutants derepressed for all three proteins might result from a mutation affecting iron transport at one of the translocation steps of a ferric complex subsequent to outer membrane binding. This possibility can be supported by the fact that such mutants, rather than receptor mutants, were shown to be tolerant for several bacteriocins. One possibility would be that these mutants carry a mutation in a locus analogous to tonB of E. coli K-12 (31) . Such an interpretation implies that infecting bacteria would be under iron-restricted conditions in planta, as was shown for animal host infection (3, 43) . Thus, pathogenicity would involve a competition between the ability of the host to deny iron to the invading pathogen and the ability of the infecting bacteria to recover this vital ion. The role of iron in the infection of plants by bacterial pathogens remains unknown, but Leong and Neilands (26) (27) (28) have looked for production of siderophores in various phytopathogenic bacteria. They showed that biosynthesis of the siderophore agrobactin by A. tumefaciens was associated with the production of several low-iron-induced envelope proteins, but no correlation between siderophore activity and infectivity could be made (26) .
Finally, our results lead us to conclude that the different bacteriocins might bind to a common membrane site including the 88,000-dalton low-iron-regulated protein. This polypeptide was absent from outer membranes of all of the mutants lacking bacteriocin receptor activity. However, the pleiotropic phenotype of several mutants remains to be explained.
